Abstract-In power systems the occurrence probability of operating points close to network limits may be increased as a result of high wind penetration. Consequences of such scenarios include inefficient exploitation of both wind and economic resources. A well chosen allocation of wind capacity not only is in line with the trend of renewables integration in power systems but also allows for limiting the occurrence probability of unsafe operating points that may require costly remedies. In this work, a voltage stability constrained optimal power flow (VSC-OPF) framework is presented for transmission system planning and applied to wind capacity allocation. This framework captures multiple wind and demand scenarios within the OPF. The pattern of wind capacity allocation is studied in order to assess its impact on voltage stability and the total wind capacity allocation 
Abstract-In power systems the occurrence probability of operating points close to network limits may be increased as a result of high wind penetration. Consequences of such scenarios include inefficient exploitation of both wind and economic resources. A well chosen allocation of wind capacity not only is in line with the trend of renewables integration in power systems but also allows for limiting the occurrence probability of unsafe operating points that may require costly remedies. In this work, a voltage stability constrained optimal power flow (VSC-OPF) framework is presented for transmission system planning and applied to wind capacity allocation. This framework captures multiple wind and demand scenarios within the OPF. The pattern of wind capacity allocation is studied in order to assess its impact on voltage stability and the total wind capacity allocation Power generated from wind turbines is displacing conventional generators in power systems. Increasing wind penetration may occasionally force the power system towards operating points close to the physical and technical limits. Stability is one of the concerns in this regard. A loading reduction in the network due to the stability limits may lead to costly remedies such as load shedding and network reinforcement [1] . Voltage instability may occur following small disturbances such as incremental load increase or large disturbances such as loss of a generator, faults or circuit contingencies. Voltage stability assessment entails study time frames ranging from a few seconds to several minutes. Dynamics of fast-acting network components such as loads require short-term studies. Conversely, slow operating equipment e.g. tap-changers involve long term studies [2] . Long term small disturbance steady state voltage stability is the focus of this paper.
AC optimal power flow (ACOPF) is a potent framework for power systems planning and operation studies. Inclusion of steady state voltage stability constraints in ACOPF has been addressed in several works. Reference [3] uses an orthonormal decomposition of the power flow Jacobian matrix in order to monitor its minimum singular value. This value tends to zero at operating points close to instability. The voltage stability constrained OPF proposed in [4] considers the total transfer capability limit for cost minimization in reactive power planning. In [5] a series of preventive-corrective tools are introduced to the OPF in order to consider both grid code steady-state voltage limits and stability margin. Bender's decomposition technique is used to decompose the base and contingent cases in order to supply signals for the preventive-corrective tools. In [6] the L index is employed as an indicator of voltage stability margin. The OPF problem is solved with the aid of an improved particle swarm optimization algorithm in such a way that it provides a minimum stability margin. Reference [7] proposes reactive reserve based contingency constrained OPF. The method studies post contingent operation in order to find the optimum reactive reserve required for power system voltage stability.
A multi-scenario voltage stability constrained AC OPF (VS-COPF) framework for application in power systems planning studies is implemented here using the enhanced two sets of variables (TSV) approach introduced in [4] . The voltage stability criteria employed is the loadability margin (LM) subject to constraints such as generator capability, line rating and secure voltage range. This captures both saddle node and limit imposed bifurcation in the power flow equations. The multi-scenario aspect allows for consideration of multiple wind and demand levels. The difference of the proposed methodology with the previous works is the multi-scenario aspect of the VSCOPF and its application to wind capacity allocation. Variability of both wind and demand in the system may result in worst case scenarios other than those taken into account traditionally for transmission system planning. Furthermore, the connection bus of the wind generation in the network may also increase the level of uncertainty of the worst case scenarios. Thus it is essential to consider a reasonable number of scenarios covering all wind and demand levels in the wind generation planning studies.
Voltage stability may improve with an optimal siting and sizing of wind farms in the network. The framework implemented here is used to study the wind capacity allocation pattern to assess its impact on voltage stability and total wind capacity allocation in a 35 bus test system based on the topology of a subset of the Irish high voltage transmission system.
In Section III formulation of the methodology and its implementation are explained in details. The 35 bus test network and results of the application of the methodology is shown in Section IV. Section V concludes this paper.
III. METHODOLOGY

A. Methodology Overview
The multi scenario VSCOPF non-linear problem is formulated as:
where x, f (.), g(.), h(.), h min , and h max stand for the vector of controllable variables, objective function, equality constraints function, inequality constraints function, upper bound and lower bound for inequality constraints, respectively. In (1)-(3), each wind-demand scenario is defined by a set of variables representing the normal operating point of the system. Based on the the normal operating point, a further group of variables is introduced denoting the state of the system for a number of stressed conditions. Each stressed condition describes the system operating point after being subject to a load increase at a load serving bus mimicking incremental load increase in continuation power flow. Thus the number of operating points being considered in a single run is [(number of loads +1)×number of scenarios]. Here a load increment factor links the normal operating point to stressed operating points; this is basically a multiplier reflecting the percentage of increase in power transfer to a load serving bus in the system at stressed operating points with respect to the corresponding normal operating point. Treating the load increment factor as a decision variable in the optimization environment, allows for optimization of the network loadability margin. Fig.1 illustrates the structure of the formulation. 
B. Multi Scenario VSCOPF Formulation
For stressed condition, st, defined as a subset of demands, D, the constraints and objective functions are formulated as follows.
1) Equality constraints:
2) Inequality constraints: 
Equations (4)- (7) are standard power flow equations and require active and reactive power injected at every bus to be equal to the power drawn from it in all operating points. The extra term in (6) and (7) applies the load increase factor in the stressed condition. Active and reactive power limits of conventional generators, are imposed through (8) and (9), respectively. Equation (10) defines the bounds on reactive power of wind farms; µ 1 and µ 2 may be extracted from the reactive capability digram of any type of wind farm at each scenario. Equation (11) ensures that the instantaneous wind penetration does not exceed a certain percentage in any of the study scenarios. In (12) and (13) the power flow through each branch and the voltage at each bus are required to be within the physical and grid code specified limits, respectively. Equation (14) requires the load increment factor to be higher than a minimum value, κ, at all load serving buses in all of the stressed operating points. This ensures that a minimum loadability margin is available throughout the network in all of the study scenarios.
3) Objective functions: For the purpose of comparison two separate objective functions were considered, wind capacity allocation maximization and voltage stability maximization. These are denoted as (15) and (16), respectively. The former allocates wind capacity regardless of its effect on voltage stability while the latter considers this effect and employs it to enhance voltage stability in the system. Each objective function is run individually to find the optimal wind capacity allocation. Here the decision variables are C W F and P G for wind capacity allocation maximization and C W F , P G and κ for voltage stability maximization.
The VSCOPF formulation presented in this paper is implemented using the COmmon Optimization Python Reprository (COOPR) [8] . KNITRO [9] non-linear solver is employed to solve the problem.
IV. CASE STUDY
A. Test System
The 3-area 35 bus network illustrated in Fig.2 is employed as a test system. This network is based on the topology of a subset of the Irish transmission system originally introduced in [10] . The line parameters were altered to represent the 110 kV transmission system. Demand power factor at each bus was derived from [11] . 15 buses in the network are specified as candidate for wind capacity allocation. Table 1 lists these buses. Further data on the test system may be found in the appendix. Combination of 8 demand (30-100% load factors) and 10 wind (10-100% wind capacity factors) levels form the 80 scenarios to be considered by the VSCOPF. Generator status matrix, ω s G , was built based on unit commitment carried for a range of loading conditions representing the study scenarios using the FAST unit commitment and dispatch tool [12] . Conventional generators were set to regulate voltage at their connection bus to 1 pu [13] . For the purpose of this study, wind farms allocated are required to inject power at unity power factor in all operating points. This is accomplished by fixing µ 1 and µ 2 to zero. Maximum allowed instantaneous wind penetration, λ, was set to 60%. VSCOPF allocates wind farm capacity and decides on conventional generator active dispatch at all operating points. Table II presents the total wind capacity allocated in the network by VSCOPF for each objective function case. It is noted that the total wind capacity allocated in order to maximize voltage stability is approximately 8% lower than the maximum wind capacity that can be allocated; this shows that further wind capacity allocation in this case leads to either network limits breaching or reduction in the loadability margin in the system.
2) Voltage Stability:
Assessment of the loadability margin as a metric of network voltage stability shows that despite the higher wind capacity allocated with the wind maximization objective function, the network loadability margin is limited to 18.69% of the actual load due to weakness in area 3 of the network. Conversely, with voltage stability maximization used as the objective function significant improvement in the loadability margin is achieved. The minimum loadability margin (κ) in the studied cases is listed Table II. Fig.3 illustrates the loadability margin for every load serving bus within the test system at each of the 80 study scenarios. Saturated points at 100% loadability margin level represent scenarios where the loadability margin is greater or equal to 100%. It is noted that in general voltage stability maximization leads to better loadability margins compared to the wind maximization case; this is evident in area 3 of the network where the binding loadability margin has increased from 18.69%, occurring at bus 28, to 47%, occurring at bus 30. The PV curve at bus 30 in the 100% wind capacity and 60% demand factor scenario is shown in Fig.4 . The loadability margin for the voltage stability maximization case is approximately 17 MW higher than wind capacity maximization case. With both objective functions, voltage limit breaching at bus 30 is the binding factor for the loadability margin. 3) Allocation Pattern: Table III presents the allocated wind capacity to candidate buses (buses not listed have zero allocation). It is seen that wind is mostly allocated at buses 1 and 4 with both wind Fig. 3 . Test system loadability margin Fig. 4 . PV curve at bus 3 for 100% wind capacity factor and 60% demand factor scenario V. CONCLUSION A multi scenario VSCOPF was implemented for power system planning by employing the loadability margin criteria subject to network constraint; This considers both saddle node and limit imposed bifurcation in the power flow equations. The multi scenario aspect of the methodology allowed for capturing of multiple wind and demand levels. The pattern of wind capacity allocation affects both the total wind capacity allocation and loadability margin in the network. Maximization of wind capacity is an objective function commonly used for wind capacity integration however, it does not address voltage stability issues arisen as an aftereffect of conventional generator displacement. On the other hand while there is a potential for improving voltage stability by allocating wind capacity to certain buses in the network, a trade off of such a scheme is reduction in the total wind capacity allocation realized. This reduction is dependent on the network topology and equipment limits. Further studies will consider various reactive power control schemes for wind farms and assess their impact on voltage stability as well as the pattern of wind capacity allocation. 
APPENDIX A 35 BUS TEST SYSTEM DATA
